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ABSTRACT   The catalytic oxidation of CO to CO2 by carbon monoxide dehydrogenases has 
been explored theoretically, and a large C-cluster model including the metal core [Ni-4Fe-4S] and 
surrounding residues and crystal water molecules was used in density functional calculations. The 
key species involved in the oxidation of CO at the C-cluster, Cred1, Cred2 and Cint, have been 
elucidated. On the basis of computational results, the plausible enzymatic mechanism for the CO 
oxidation was proposed. In the catalytic reaction, the first proton abstraction from the Fe(1)-bound 
water leads to a precursor to accommodate CO binding and the subsequently consecutive proton 
transfers from the metal-bound carboxylate to the amino acid residues facilitate the release of CO2. 
The hydrogen-bond network around the C-cluster formed by conserved residues His93, His96, 
Glu299, Lys563, and four water molecules in the active domain plays an important role in proton 
transfer and intermediate stabilization. Predicted geometries of key species show good agreement 
with the reported crystal structures. 
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1  INTRODUCTION 
 
Ni-containing carbon monoxide dehydrogenases 
(CODHs) as important metalloenzymes catalyze the 
reversible redox reaction CO + H2O ↔ CO2 + 2H+ + 
2e–[1]. The aerobic and anaerobic bacteria containing 
CODH enzymes play a vital role in the global 
carbon cycle and they are approximately responsible 
for the oxidation of CO up to 108 tons each year[2]. 
In the Ni-containing CODH family, the mono- 
functional enzymes from Rhodospirillium rubrum 
(CODHRr)[3] and Carboxydothermus hydrogenofor- 
mans (CODHCh)[4] are β2 homodimers, while the 
bifunctional CODH/acetyl-CoA synthase (CODH/ 
ACS) from Moorella thermoacetica (ACS/CODHMt) 
is a α2β2 heterotetramer that catalyzes the reduction 
of CO2 to CO and the subsequent synthesis of 
acetyl-CoA[1, 5].   
Extensive spectroscopic investigations indicate 
that the active site of CO oxidation is a Ni–Fe–S 
containing C-cluster[6, 7], but the reported C-clusters 
show diverse structures from different organisms[3～5]. 
The crystal structure at the 2.8 Å resolution of 
CODHRr[3] revealed that the C-cluster consists of a 
[Ni-4Fe-4S] core with an unknown ligand in the api- 
cal coordination site of Ni atom, where a µ2-Scys 
ligand coordinates with both Ni and Fe(1) atoms. 
Similarly, the crystal structure of enzyme from CO- 
DHChII[4] at the 1.6 Å resolution demonstrated that 
the C-cluster is an asymmetrical [Ni-4Fe-5S] cluster  
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bound to the protein by five cysteine residues and 
one histidine residue. However, the cluster with a 
µ2-S atom bridging Ni and Fe(1) exhibits an appro- 
ximately planar NiS4 coordination. In contrast, the 
crystal structure at the 2.2 Å resolution of ACS/ 
CODHMt showed that the C-cluster has a [Ni-4Fe-4S] 
core without the µ2-S atom[5]. Such structural discre- 
pancies in the reported C-clusters result in contro- 
versy regarding the enzymatic mechanism and the 
role of µ2-S ligand[8, 9]. 
Recent NMR studies on the exchange reaction 
between CO and CO2 by CODH showed that CO2 is 
bound at the active site in the enzyme-catalyzed 
process and the two protons generated during CO 
oxidation remain at the active site as part of an 
internal proton transfer network[10]. The mutant ex- 
periment suggested the presence of a network of 
amino acid residues responsible for proton transfer 
instead of a single linear pathway[11]. These proton 
pathways play a crucial role in proton transfer and 
intermediate stabilization. 
The previous EPR studies showed that the 
C-cluster has multiple stable redox states[12]. The 
fully oxidized state (Cox) is diamagnetic and inactive 
in the CO oxidation. The one-electron reduction of 
Cox reactivates the enzyme, leading to the reduced 
state Cred1 with an S = 1/2 EPR signal. The more 
reduced states, an EPR-silent intermediate (Cint) and 
an EPR-active state (Cred2) with S = 1/2 are also 
involved in the suggested catalytic mechanism[13]. 
The popular bimetallic catalytic mechanism of CO 
oxidationnormally involves CO and H2O bound to 
the C-cluster and the oxidation of CO to bound 
CO2[3a, 13, 14]. An unidentified base near the C-cluster 
abstracts a proton from water to form the ready state 
Cred1. The resulting nucleophilic OH– attacks the 
Ni-bound CO to yield an intermediate with Ni- and 
Fe(1)-bound COOH−, and the subsequent proton 
abstraction from the Ni-bound carboxylic acid group 
leads to the release of CO2, yielding a two-electron 
reduced cluster (Cred2). Cred2 evolves into Cred1 
through electron transfers to the B- and D-clusters 
which transfer electrons to external redox mediators. 
Recent crystallographic studies confirmed the 
presence of metal-bound CO2 and OH– intermediates 
in the biological oxidation of CO[15]. The crystal 
structure determination of these key intermediates is 
quite encouraging and it makes the elucidation of 
mechanism possible.  
In the previous theoretical study of molybdenum 
CO dehydrogenase, Siegbahn et al.[16] suggested a 
possible reaction mechanism for CO oxidation. 
Their calculations show that the formation of S–C 
bond may facilitate the catalytic reaction, but the 
barrier for CO2 release step is increased. Hofmann et 
al.[17] investigated the catalytic cycle of the Mo-/ 
Cu-dependent CO dehydrogenase on the basis of 
simple model complexes. Their results indicate that 
only the bisoxo but not the hydroxo oxo complex 
could oxidize CO exothermically. In adidition, one 
water molecule may replace the oxidation product of 
CO2 directly, and this process requires less rear- 
rangement at the active site.   
Despite these important contributions, the detailed 
mechanisms for CO oxidation including the forma- 
tion of bound CO2 and OHx intermediates and the 
roles of residues in proton transfer as well as the 
oxidation state of metal sites in the C-cluster at 
various redox states remain open. Further calcula- 
tions on the C-cluster of CODHs are thus highly 
required to understand the catalytic cycle of CO 
oxidation. Here we conduct computational investiga- 
tions on the reported intermediates and key species 
probably involved in the reaction, and plausible me- 
chanisms and relative energetics are discussed based 
on the present results. 
 
2 COMPUTATIONAL DETAILS 
 
The computational model for the C-cluster con- 
sists of 147 atoms, as shown in Fig. 1, including the 
[Ni-4Fe-4S] core, all residues within 5.0 Å around 
the core and water molecules involved in hydro- 
gen-bond network connected to the active cluster. 
The histidine residues His93, His261, and His561 in 
the active domain are determined to be neutral based  
 














Fig. 1.  Computational model of C-cluster in which  
hydrogen atoms are omitted for clarity 
 
on their individual microenvironments, while the 
deprotonated state of Glu299 was considered. The 
initial geometry for this model was taken from the 
crystal structure (PDB code: 3B53)[15]. In general, 
the cluster model of this size can reasonably mimic 
the protein environment around the active site, and 
the protonation states of His and Asp residues are 
determined from chemical environment and pre- 
viously proposed reaction mechanisms[3a, 14c, 15]. The 
generalized gradient approximation PW91 func- 
tional (GGA-PW91)[18] and the all-electron double 
numerical basis sets plus polarization functions 
(DNP) in connection with scalar relativistic effects[19] 
were employed in the spin-unrestricted Kohn-Sham 
(UKS) computation. The reliability of this theore- 
tical treatment has been verified in previous studies 
of Fe–S clusters[20]. In consideration of the protein 
environment around the active cluster, the linking 
atoms in the truncated region were kept at the posi- 
tions of X-ray structure, and they are marked with an 
asterisk, as illustrated in Fig. 1. In the present cal- 
culations, [Fe4S4(SC2H5)4]2− serves as the reference 
state of electron sources in estimating the relative 
energy, and the vertical electron detachment energy 
of this cluster resembling the multinuclear center in 
nature for electron transfer in CODH is 0.52 eV by 
photoelectron spectroscopy[21]. All calculations were 
performed with the DMol3 package from Accelrys 
Inc[22]. 
Possible spin vector alignments of the metal sites 
have been examined for the C-cluster and inter- 
mediates under the total spin condition in calculation. 
The local spin of any single metal center, however, 
depends on its formal oxidation state. The local 
spins for the ferric Fe3+ (high-spin d5) and ferrous 
Fe2+ (high-spin d6) are S = 5/2 and S = 2, respec- 
tively. The Ni2+ (d8) site has a local spin sate of S = 0 
in the C-cluster. 
Previous studies with EPR and Mössbauer spec- 
troscopy suggested that Cred1 has an oxidation state 
of (Ni2+− 3Fe2+ − 1Fe3+) for the [Ni-4Fe-4S] core[13, 14b]. 
For the reduced form of C-cluster (Cred1), the S = 1/2 
spin condition for Cred1 can be satisfied by aligning 
the metal site spin vectors in the following way: 
Ms(total) = Ms(Fe(1) + Fe(2) + Fe(3) + Fe(4) + 
Ni)= −2 + 5/2 − 2 +2 + 0 
The above equation represents one of many pos- 
sible spin alignments for the EPR-active Cred1. For 
each redox state of the C-cluster, different patterns 
of antiferromagnetic (AF) pairs, or the local spins at 
the metal sites, have been considered. As Table 1 
shows, our calculations indicate that the local spin 
alignments (− + − +) for Fe(1), Fe(2), Fe(3) and Fe(4) 
(the atomic labels refer to Fig. 1) normally have 
relatively high stability in comparison with other 
patterns of AF pairs. 
 
Table 1.  Spin Populations of Metal Sites at Various Spin-coupled 
States (SCn) and Their Relative Energies (RE, in kcal mol-1)  
State SC1 SC2 SC3 SC4 SC5 SC6 
Fe(1) −1.6 1.7 −1.7 −1.8 1.8 −1.7 
Fe(2) 2.3 −2.2 2.5 2.8 −2.5 2.8 
Fe(3) −2.1 2.9 −2.2 1.4 −1.1 1.4 
Fe(4) 2.4 −2.4 2.5 −2.3 2.6 −2.3 
Ni 0.0 0.0 0.0 0.1 0.0 0.1 
RE 15.4 6.8 0.0 1.8 1.7 7.0 
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3  RESULTS AND DISCUSSION 
 
On the basis of computational and experimental 
characterization of the redox states of C-cluster, a 
possible mechanism for the oxidation of CO to CO2 
was organized in Scheme 1. Optimized structures of 
key intermediates are shown in Figs. 2 and 3. Fig. 4 
presents the relative energy profiles for the oxidation 











Scheme 1.  Proposed catalytic mechanisms for the oxidation of CO to CO2 at 













Cred1                                           Cint5 












Fig. 3.  Optimized structures of key species  
involved in the CO oxidation 
Ready state Cred1   As Fig. 3 shows, the recent 
structural characterization of CODHs revealed that 
there is a H2O/OH− (OHx) ligand bound to the Fe(1) 
atom with the Fe(1)–OHx distance of 1.93 Å, and the 
Ni⋅⋅⋅OHx distance is 2.70 Å[15, 23]. Predicted bond 
lengths of Fe(1)-bound hydroxide and Fe(1)-bound 
water species together with the corresponding ex- 
perimental values are listed in Table 2. As Table 2 
shows, the optimized geometries of the C-cluster 
model with a H2O ligand are in reasonable agree- 
ment with the X-ray crystal structure, while the 
Fe(1)-bound OH− C-cluster exhibits a relatively 
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short Ni–OH distance compared with the crystal 
structure. Fig. 2 displays the optimized structure of 
the C-cluster with a H2O ligand and it can serve as 
an initial state of C-cluster (Cred1) in the enzymatic 
reaction as suggested in the previous experiments 
and proposed mechanisms[2b, 3a, 10, 11, 12b, 14c]. The 
predicted binding energy of this water to the 
C-cluster is 12.1 kcal·mol-1. As Fig. 2 displays, this 
water molecule is involved in a hydrogen-bond 
network connected to the surrounding conserved re- 
sidues through water wires. Similar hydrogen-bond 
network containing water chains is found to be 
important for proton transfer in carbonic anhydrase 
II (CAII)[24] as well as in ammonia channel protein 
AmtB from Escherichia coli[25]. 
 
Table 2.  Comparison of Selected Bond Lengths (in Å) of the Bound OHX 
C-Cluster and the Bound CO2 Intermediate by Theory and Experiment  
The bound OHx C-cluster (x = 1, 2) The bound CO2 species 
Bond Expta OH2 OH− Bond Expta Theory 
Ni−Fe(1) 2.85 2.86 2.81 Ni–Fe(1) 2.76 2.95 
Ni−O 2.72 3.02 2.03 Ni–C 1.96 1.88 
Fe(1)−O 1.95 2.11 2.09 Fe(1)–O 2.05 2.12 
Ni−S(3) 2.07 2.25 2.26 Ni–S(3) 2.09 2.24 
Ni−S(2) 2.14 2.17 2.19 Ni–S(2) 2.23 2.34 
Fe(1)−S(1) 2.23 2.30 2.35 Fe(1)–S(1) 2.19 2.27 
Fe(2)−S(2) 2.22 2.25 2.25 Fe(2)–S(2) 2.23 2.23 
Fe(2)−S(4) 2.24 2.24 2.23 Fe(2)–S(4) 2.22 2.29 
Fe(2)−S(1) 2.27 2.29 2.22 Fe(2)–S(1) 2.24 2.26 
Fe(3)−S(3) 2.22 2.25 2.25 Fe(3)–S(3) 2.13 2.24 
Fe(3)−S(4) 2.26 2.24 2.22 Fe(3)–S(4) 2.25 2.22 
Fe(3)−S(2) 2.16 2.20 2.22 Fe(3)–S(2) 2.18 2.23 
Fe(4)−S(1) 2.22 2.29 2.27 Fe(4)–S(1) 2.21 2.25 
Fe(4)−S(3) 2.27 2.33 2.29 Fe(4)–S(3) 2.25 2.28 
Fe(4)−S(4) 2.27 2.24 2.27 Fe(4)–S(4) 2.29 2.28 
meanb 0.07 0.10 mean 0.07 
All-bonds 
max 0.30 0.69 
All-bonds 
max 0.19 
a Experimental values from Ref 15.  
b Mean and maximum (max) absolute deviations of optimized bond lengths from experimental values. 
 
Transfer of the first proton   As displayed in 
Scheme 1, the initial step of catalytic cycle by 
CODH is the proton transfer from the metal-bound 
water to an appropriate residue as base in Cred1. 
Previous ENDOR studies[13] showed that the ex- 
changeable proton is assigned to the Fe(1)-bound 
OHx (x = 1, 2) ligand. On the basis of crystal 
structure[15] and our calculations, the residue His96 
can act as the suitable proton acceptor. As shown in 
Fig. 4, the proton abstraction from the Fe(1)-bound 
H2O through hydrogen-bond network is endothermic 
by 15.5 kcal mol-1, leading to an intermediate 
(Cred1'). This step as the initial starting point may be 
involved in proton transfer from the active site to the 
outer protein. 
CO binding   CO binds to the external apical site 
of Ni with an exothermicity of 20 kcal·mol-1, 
yielding an intermediate Cint1. The coordination of 
CO to the Ni site in Cred1′ results in a quite large 
Ni–Fe(1) distance of 3.14 Å. The large Ni–Fe(1) 
distance in Cint1 makes Fe(1) more accessible to 
other substrates. Thus, Cint1 as a possible inter- 
mediate may be involved in the biological oxidation 
of CO at the C-cluster. In Cint1, the predicted Ni–C 
and C–O bond lengths are 1.76 and 1.17 Å, respec- 
tively. The mulliken population analysis reveals net 
charge transfers of −0.16 from the metal cluster to 
the bound CO. The short Ni–CO distance and 
elongated C–O bond, as well as a bending angle of 
169.8° for Ni–C–O, suggest that the Ni-bound CO is 
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activated remarkably.   
Structural rearrangement   In Cint1, the hydrogen 
atom of Fe(1)-bound hydroxide points to the Ni 
atom, which makes the C–O bond coupling from the 
Fe(1)-bound hydroxide and the Ni-bound CO less 
possible. The repositioning of Fe(1)-bound OH− in 
the active site is thus prerequisite for the formation 
of observed metal carboxylate state[15]. The antici- 
pated structural rearrangement of Cint1 leads to a 
precursor to the coupling of bound CO and OH−, an 
intermediate Cint2. Relaxation of the original hydro- 
gen-bond network was involved in the formation of 
Cint2, which will facilitate the second proton transfer 
from the bound OH−.  
C-O bond coupling   In Cint2, the OC⋅⋅⋅OH− 
distance is 2.98 Å, and the hydroxide attacks the 
carbon atom of bound CO to form the metal-bound 
COOH− intermediate (Cint3) with an endothermicity 
of 15.4 kcal mol-1. The optimized intermediate Cint3 
has an approximately square-planar coordination 
geometry typically found for Ni2+ ions, and the Ni–C 
and Fe(1)–O distances are 1.85 and 2.15 Å, respec- 
tively. In Cint3, the COOH− ligand bridging Ni and 
Fe(1) connects with the surrounding residue Lys563 
through a hydrogen bond (1.83 Å). 
Transfer of the second proton   The proton loss 
of the carboxylate group in Cint3 leads to a bound 
CO2 intermediate (Cint4). The proton abstraction by 
His93 through hydrogen-bonding network is endo- 
thermic by 10.7 kcal·mol-1. As Scheme 1 shows, 
Cint4 may evolve into a more stable intermediate 
Cint5 through the rearrangement of hydrogen-bond 
network with an exothermicity of 11.8 kcal·mol-1. 
This rearrangement involves the proton transfer 
from His96 to Glu299 via a hydrogen-bond chain of 
four water molecules. As Table 2 shows, predicted 
bond lengths of the intermediate Cint5 are well con- 
sistent with the experimental values of the observed 
metal carboxylate state of C-cluster[15]. The inter- 
actions of CO2 with transition metals have been well 
studied previously[26]. In general, the coordination of 
CO2 to transition metals leads to net electron transfer 
from metal into the anti-bonding lowest unoccupied 
molecular orbital of CO2, and the oxygen atoms with 
excess negative charges can be stabilized by binding 
to the electron-deficient centers like transition me- 
tals or by forming hydrogen bonds[20, 26]. For the 
present complex Cint5 displayed in Fig. 2, the C atom 
is bound to the Ni centre, and one O atom of carb- 
oxylate group coordinated to the Fe(1) forms hydro- 
gen bond with a conserved Lys563 residue. The 
other O atom also forms hydrogen bond with a con- 
served His93 residue. These hydrogen-bonding net- 
works can stabilize the metal-bound CO2 interme- 
diate Cint5, as shown in the previous experimental 
studies[3a, 27]. 
Release of CO2  The (Fe(1)Ni)-bound CO2 inter- 
mediate Cint5 evolves into the Ni-bound CO2 species 
(Cint6) with an exothermicity of 2.0 kcal·mol-1. The 
release of CO2 from Cint6, along with the coor- 
dination of H2O to the metal cluster, is endothermic 
by 15.0 kcal·mol-1. Our calculations indicate that the 
release of CO2 as a key step in the CO oxidation has 
a barrier of 29.6 kcal·mol-1, the release of CO2 
primarily leads to a more reduced state Cred2, and 
followed by proton and electron transfers, a more 
stable intermediate Cint7 is formed. Cint7 may return 
to the ready state Cred1 though consecutive proton 
and electron transfers to other clusters and outer 
residues. 
Alternative reaction route  It was noted that the 
C–O bond coupling in the step from Cint2 to Cint3 is 
endothermic by 15.4 kcal·mol-1 and subsequent 
processes require relatively high energies as shown 
in Fig. 4. Accordingly, an alternative route is 
considered here. Our calculations show that the C–O 
bond coupling along with one electron transfer from 
the active cluster to protein is exothermic by 21.3 
kcal·mol-1, yielding a similar intermediate Oint3 with 
Cint3. The proton loss of carboxylate group in Oint3 
leads to a (Fe(1)Ni)-bound CO2 intermediate (Oint4), 
and the proton abstraction by His93 through hydro- 
gen-bonding network is endothermic by 15.0 
kcal·mol-1. As Fig. 4 shows, Oint4 may evolve into a 
more stable intermediate Oint5 through the rear- 
rangement of hydrogen-bond network with an 
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exothermicity of 11.9 kcal·mol-1. The (Fe(1)Ni)- 
bound CO2 intermediate Oint5 evolves into the 
Ni-bound CO2 species (Oint6) with an exothermicity 
of 4.2 kcal·mol-1. The release of CO2 from Oint6, 
along with the coordination of H2O to the metal 
cluster, is endothermic by 17.1 kcal·mol-1. Our cal- 
culations indicate that the release of CO2 has a 
barrier of 21.2 kcal·mol-1 in the low-energy reaction 
route. The release of CO2 leads to Ored2, and 
followed by two proton and one electron transfers, a 
more stable intermediate Cint8 was formed. This step 
is endothermic by 4.5 kcal·mol-1. As displayed in Fig. 
4, the alternative route is generally energetically 
favorable. The optimized structures of species invol- 
ved in the low-energy reaction pathway are incor- 
porated into Fig. 3, and they have equilibrium geo- 














Fig. 4.  Relative energies of the intermediates involved in the oxidation of CO to CO2 at the C-cluster 
 
4  CONCLUSION 
 
The density functional calculations have been used 
to explore the key intermediates involved in CO 
oxidation and possible mechanisms. Based on our 
calculations with a large C-cluster model, the re- 
cently observed intermediates were identified, and a 
plausible catalytic mechanism of CODHs was 
proposed. Predicted relative energies for the oxi- 
dation of CO to CO2 lend support to the suggested 
reaction mechanism. The catalytic cycle mainly 
involves the deprotonation of Fe(1)-bound water 
molecule by His96 and C–O bond coupling from the 
Fe(1)-bound hydroxide and the Ni-bound CO. In the 
(NiFe(1))-bound COOH intermediate, the proton 
abstraction by His93 and the relaxation of hydrogen- 
bond network generate a stable metal-bound CO2 
intermediate Cint5, which can serve as a reasonable 
candidate for the observed metal carboxylate state of 
C-cluster. Our calculations indicate that the release 
of CO2 is the key step for CO oxidation in our 
suggested mechanisms. The present results provide a 
basis for understanding new experimental facts and 
the enzymatic mechanism for CO oxidation. 
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